Electroactive polymer actuators composed of ion-gel electrolyte (polymer gel containing ionic liquid) and composite carbon electrodes were prepared. The ion-gel actuators could be driven by charging and discharging the electric double-layer of the carbon electrodes. Four different carbon materials were used to prepare composite electrodes. The effects of physical properties of the carbon electrode materials on the actuator performance were explored. The actuators bent toward the anodic side by applying low voltages (<3 V) under atmospheric conditions. By utilizing a highly electron-conductive carbon electrode material having a high specific surface area, large deformation and fast response ability against electric stimulus of the actuator could be achieved.
Introduction
Electroactive polymer (EAP) actuators, 14 such as conducting polymer, 2,3 ionomeric polymer-metal composite, 4 and dielectric elastomer actuators, 5 can be driven by transducing electric energy into mechanical motion. In the past decade, EAP actuators, which transform their shape responding to electric stimulus, have been expected to be applied to artificial muscles, robots, speakers, micropump, manipulator, and so on, because they have soft motion and light weight compared with other types of actuators. 2, 6 Recently, EAP actuator using "ion-gel", where ionic liquid is confined in polymer network, has attracted great interest, since ionic liquid hardly evaporate even under vacuum. 7, 8 Typical ion-gel actuators are composed of trilaminar structure; ion-gel electrolyte layer is sandwiched by two electrode layers such as carbon nanotubes and metal paste. 912 By applying DC voltage to the electrodes, charging of electric double-layer take place at the interfaces of cathode«elec-trolyte and anode«electrolyte. In the case of ionic polymer actuators having electric double-layer capacitor (EDLC) structure, different volume changes of the cathode and anode occur during the charge and discharge due to the characteristic ionic transport phenomena, consequently, the samples can deform their shape. 1315 We proposed a simple deformation model of EDLC ionic polymer actuators in a previous report.
14 Ionic EAP actuators with an EDLC structure, accompanying no redox reactions, appear to have significant advantages in terms of the simplicity and durability of actuator structures. In this work, the effects of physical properties of carbon electrode materials on the performance of actuation were explored. EDLC ionic polymer actuators using various carbon electrode materials were prepared, and the actuation performance such as rate capability and degree of deformation against electric stimulus were compared.
Experimental
Ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide ([C 2 mim][NTf 2 ]), was prepared according to literature. 16 Activated carbon (AC), multi-walled carbon nanotube (MWCNT), vapor growth carbon fiber (VGCF) were kindly supplied from Matsushita Electric Company, Fujikura Ltd., and Showa Denko, respectively. Inverse-opal-carbon (IOC) that has three-dimensionally ordered 50 nm pores was prepared using a colloidal templating method. 17, 18 The organic precursor of IOC was poly(furfuryl alcohol) resin, and the precursor was carbonized at 1100°C, similarly as previously reported. 17, 18 The synthesized IOC was crashed into powders using a mortar before use. The BET specific surface areas of AC, IOC, MWCNT, and VGCF were 1623, 1023, 248, and 12 m 2 g
¹1
, respectively. Ion-gel actuators have a trilaminar structure consisting of an ion-gel electrolyte membrane sandwiched by two carbon electrodes, as depicted in Fig. 1 2 ], and P(VDF/ HFP) as a binder polymer, was prepared by the following procedure. Table 1 shows the mixing ratio of the materials. In some experiments, acetylene black (AB, specific surface area: 63 m 2 g ¹1 , AB was kindly supplied from Matsushita Electric Company) was added as a conductive agent. The materials were completely mixed using a mortar, and then pressed at 120°C under 12 MPa for AC, IOC, VGCF electrodes, and 4 MPa for MWCNT electrode. Each electrode-sheet has thickness of 6080 µm. To reduce the contact resistance at the electrolyte-electrode interface, an electrolyte sheet was sandwiched by two electrode-sheets with a pressure in a thermo-regulated oven at 130°C for 3 h and gradually cooled to room temperature. The electrode sheets adhered to the electrolyte sheet during the heat-treatment at 130°C, and this temperature is a little lower than the melting point of P(VDF/HFP) (melting point of P(VDF/HFP) is 140145°C). This heat-treatment process assured the stable and reproducible operation of ion-gel actuators. The trilaminar films were cut into rectangular shapes having a width of 2 mm and a length of 7 mm to make an actuator element, and it was clipped between Cu tapes connected to a potentiostat (HA-301, Hokuto Denko) and a function generator (HB-104, Hokuto Denko). Displacement of the actuator was measured at room temperature by a laser displacement meter (LC-2400, Keyence) at 4 mm from the clamped end. In some experiments, a metal (Pt-Pd) coating on the electrode-sheet was performed using a DC sputtering coater (E-1010, Hitachi) to improve the electronic conductivity. The DC sputtering (discharge current: 15 mA) was carried out for 150 s. Figure 2 shows typical response of the actuator using AC electrodes, driven by square-wave form voltage at a frequency of 0.5 Hz. The displacement of the tip of the actuator is synchronized with switching of the voltage polarity. In Fig. 2 , the positive displacement signifies deformation to the anodic side. The deformation of the actuator is driven by the volume changes of the electrode-sheets. The detailed mechanism of ionic polymer actuators having EDLC structure was reported in our previous report.
Results and Discussion
14 Briefly, the volume of electrode sheet changes during charge and discharge of the electric double-layer. A difference in volume changes of the both electrode layers gives rise to the deformation of an EDLC polymer actuator, which is caused by the imbalance in the volume and number of ions flowing into and out of the electrode layers. Owing to the electric double-layer formation, the cations come in to the cathode layer and come out from the anode layer, and the anions do vice versa. Therefore, the ionic mobility (transference number) and the ionic volumes are crucial factors for the deformation of EDLC actuator. The deformation model proposed in our previous report 14 predicts that the actuator with [C 2 mim][NTf 2 ]-based ion-gel electrolyte bends to the anodic and shows good agreement with the experimental results presented in Fig. 2 . ). When the scan rate is slow, the AC and IOC actuators give large displacement, because of effective charging of the electric double-layer, resulted from the large specific surface areas of the carbons. The actuators with MWCNT and VGCF showed relatively small displacement even at slow scan rates. The order of magnitude of the displacement at the slowest scan rate is AC > IOC > MWCNT > VGCF, which coincides with the order of BET specific surface areas of the carbons. According to our previous report, the displacement of actuator should be linear to the accumulated charge at the double-layer. 14 In general, the doublelayer capacitance is increased as increasing the specific surface area of the carbon electrode. Therefore, it is evident that the use of a Electrochemistry, 81(10), 849852 (2013) carbon electrode with a high specific surface area is preferable to achieve large deformation of ionic polymer actuators having EDLC structure. With increasing the scan rate, the displacement of actuators with AC and IOC electrodes rapidly diminished. On the other hand, the displacement of actuators with MWCNT and VGCF electrodes were more or less independent of scan rate. This difference was attributed to the electronic conductivity of the electrode sheet. AC and IOC are hard carbons and have amorphous structure. The electronic conductivities of AC and IOC are lower than that of MWCNT and VGCF. It is well-known that MWCNT and VGCF possess welldeveloped graphitic structure and high electronic conductivity. The contact resistance between carbon particles also gives a significant effect on the electronic conductivity of electrode sheet. In addition, the distribution of carbon particles within the electrode sheet should be an important factor for the formation of network of electronic conduction path. Figure 4 shows cyclic voltammograms (CVs) of ion-gel actuators with AC and MWCNT electrodes. When scan rate was slow (= 100 mV s ¹1 ), cyclic voltammograms (CVs) of both actuators showed rectangular-like waveform, which is typical response of EDLC. Although the specific surface area of AC is much higher than that of MWCNT, the CV currents of AC and MWCNT actuators were comparable at a scan rate of 100 mV s
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. This indicated that the utilization of surface area of AC electrode for the double-layer formation was low, compared with that of MWCNT electrode. With increasing the scan rate, the current of CVs is increased and the CV shapes of actuators are distorted due to the electronic resistance of the electrode sheet and the mass transport resistance in the electrolyte. Especially, the CV of the actuator with AC electrodes measured at 1000 mV s ¹1 is clearly influenced by the iR potential drop. The CV current of MWCNT actuator measured at 1000 mV s ¹1 is higher than that of AC actuator, resulting in the larger displacement of MWCNT actuator than that of AC actuator at 1000 mV s ¹1 (Fig. 3) . The physicochemical property, ionic conductivity, thickness of electrolyte sheet, and dimension of electrodesheets of AC and MWCNT actuators are common, therefore, the difference in dependency of deformation of AC and MWCNT actuators on the scan rate should be due to the electronic resistance of the electrode-sheet or mass transport resistance of ions within the porous structure of composite electrode sheet.
To confirm the origin of slow response of the AC actuator, a metal (Pt-Pd) coating was carried out on the AC electrode sheet. We assumed that the electronic conductivity of the AC electrode-sheet is enhanced by the metal coating. Figure 5 shows displacement behavior of the ion-gel actuator utilizing metal-coated activated carbon electrode. Comparing with the non-coated actuator, displacement of the metal-coated actuator was greatly improved. This result indicates that electronic conductivity of the electrode-sheet is an important factor affecting the actuation rate capability. The metal coating should improve the in-plane conductivity of the AC electrode-sheet. As shown Fig. 1 , the electronic conduction path from the copper electrode to the tip of the AC electrode sheet is long compared with the through-plane conduction path of the composite electrode-sheet. The in-plane distributions of current and potential are caused by iR potential drop during the operation of ion-gel actuators. The metal coating may be effective in reducing the contact resistance between AC particles and in decreasing iR drop. Furthermore, the CV current for the AC actuator was increased by the metal coating as shown in Fig. 6 , suggesting that the utilization of surface area of AC for the double-layer formation was increased by the metal coating. The increase in capacity of the electrode leads to the large deformation of the electrode.
14 A highly conductive electrode material suppresses the iR potential drop and enables a uniform and fast charging of electric double-layer in the composite electrode-sheet. Therefore, the use of highly conductive carbon electrode materials, such as MWCNT and VGCF, is favorable to achieve rapid response of EDLC ionic polymer actuators. In addition, MWCNT and VGCF are fibrous with large aspect ratios (>100), and this fact can contribute to the reduction of the electronic Electrochemistry, 81(10), 849852 (2013) resistance and the enhancement of the mechanical strength of the electrode-sheet. Actually, the cycle stability (durability) of the iongel actuators with MWCNT and VGCF electrodes is better than that of AC actuator, as shown in Fig. 7 . The displacement of the ion-gel actuators gradually faded during actuation cycles. The repetition of deformation may partially break the electronic conduction path and electrically isolate carbon particles within the electrode-sheet. The isolated particles cannot accumulate charge, resulting in the fades of double-layer capacity and displacement of the ion-gel actuators. The use of carbons with large aspect ratio may also be effective in constructing a durable network of electronic conduction path within the electrode-sheet.
Conclusions
In order to understand the effect of physical properties of carbon electrode materials of EDLC ionic polymer actuator on the performance of the actuation, we prepared actuators utilizing an ion-gel electrolyte consisting of [C 2 mim][NTf 2 ] and P(VDF/HFP), and various carbon materials (AC, IOC, MWCNT, and VGCF). By utilizing a carbon material with a high specific surface area, large deformation of the actuator can be obtained. The high specific surface area provides a high electric double-layer capacity of the electrode, resulting in a large volume change of the electrode and a large deformation during charging of EDLC. By utilizing a highly conductive carbon electrode material, fast response ability against electric stimulus of the actuator can be achieved, because iR potential drop in the electrode-sheet is suppressed and a uniform and fast charging of electric double-layer in the composite electrodesheet is possible. 
